Relativistic configuration-interaction calculations have been performed for the energy levels of the low-lying and core-excited states of beryllium-like argon, Ar 14+ . These calculations include the one-loop QED effects as obtained by two different methods, the screening-potential approach as well as the model QED operator approach. The calculations are supplemented by a systematic estimation of uncertainties of theoretical predictions.
I. INTRODUCTION
The subject of the present investigation are the Kα transitions in beryllium-like ions. In these transitions, an electron changes the principal quantum number from n = 2 to n = 1, filling the vacancy in the K-shell core in the initial state. These transitions contribute to the most prominent Kshell emission lines of highly charged ions which have been detected in the spectra of nearly all classes of cosmic X-ray sources. In laboratories, moreover, the K-shell emission lines are often used for the diagnostics of hot plasma, notably in magnetic nuclear fusion and tokamaks, and thus help getting useful information about the equilibrium and non-equilibrium charge-state distributions of ions as well as about the electron and ion temperatures. In view of this importance of the Kα line for astrophysics and laboratory diagnostics, accurate theoretical predictions are needed for the reliable identification and interpretation of experimental spectral data [1, 2] .
In our previous investigations, we performed relativistic configuration-interaction calculations of the Kα transitions in lithium-like ions [3] and in beryllium-like iron [4] . In the current work, we extend our calculations to beryllium-like argon to accommodate ongoing experiments on this ion [5] [6] [7] .
The paper is organized as follows. In the next section, we give a brief outline of our computation method. Sec. III presents the results of our calculations and compares them with the previous theoretical and experimental data. Relativistic units = c = 1 and charge units e 2 /4π = α are used throughout this paper.
II. METHOD OF CALCULATION
Within the relativistic quantum mechanics, the energy of the system can be determined by solving the secular equation
where "det" denotes the determinant of the matrix. H DCB is the no-pair Dirac-Coulomb-Breit (DCB) Hamiltonian ,
where the indices i, j = 1, . . . , N numerate the electrons, h D is the one-particle Dirac-Coulomb Hamiltonian, and V C and V B are the Coulomb and the Breit parts of the electronelectron interaction. It is assumed that H DCB acts in the space of the wave functions constructed from the positive-energy eigenfunctions of some one-particle Dirac Hamiltonian (the so-called no-pair approximation).
The N -electron wave function Ψ ≡ Ψ(P JM ) is assumed to have a definite parity P , total angular momentum J, and angular momentum projection M . In the CI method, the eigenfunctions Ψ(P JM ) are represented by a finite sum of the configuration-state functions (CSFs) with the same P , J, and M ,
where γ r denotes the set of additional quantum numbers that determine the CSF. The CSFs are constructed as linear combinations of antisymmetrized products of one-electron orbitals ψ n . The linear coefficients c r in Eq. (3) and the energy of the corresponding atomic state are obtained by solving the secular equation (1) . The elements of the Hamiltonian matrix are typically calculated as linear combinations of one-and two-particle radial integrals,
Here, a, b, c, and d numerate the one-electron orbitals, d rs and v
rs are the angular coefficients, I(ab) are the one-electron radial integrals, and R k (abcd) are the two-electron radial integrals. Details of our implementation of the CI method are described in the previous papers [3, 4] .
In order to obtain accurate theoretical predictions for energy levels, the relativistic energies obtained from the DCB Hamiltonian should be supplemented by the QED corrections. The best accuracy can be presently obtained within the ab initio QED method [8] . Practical calculations within this approach started in late 1990s [9, 10] . Because of large technical difficulties, however, such ab inito QED calculations are still restricted mainly to low-lying states of helium-like and lithium-like ions [11, 12] . For calculations of more complex atomic systems, one has to rely on one of the simplified treatments of QED effects.
In the present work, we describe the QED effects by means of two different approximate methods. By comparing the results from these approaches, we estimate the uncertainty of our treatment. The first method is based on summing up the self-energy and vacuum-polarization QED corrections calculated for each one-electron orbital in an effective screening potential. The total QED correction for a given many-electron state is then obtained by adding the QED contributions from all one-electron orbitals, weighted by their fractional occupation numbers as obtained from the eigenvectors of the CI calculation. In this method, the QED correction δE QED is given by
where the index a runs over all one-electron orbitals contributing to the many-electron state of interest, q a is the occupation number of the one-electron orbital, Σ SE is the self-energy operator, ε a is the Dirac energy of the one-electron state a, and V VP is the vacuum polarization potential. The numerical method for calculating the one-loop self-energy and vacuumpolarization matrix elements in a general screening potential used in the present work was developed in Ref. [13] . This approach for treatment of the Lamb shift in atoms was used in our previous studies [3, 4] and similarly by several other authors, and for beryllium-like ions in particular by Chen and Cheng [14] . In the present work we use in fact two different screening potentials in which the one-loop QED corrections are calculated, the core-Hartree (CH) potential and the localized Dirac-Fock (LDF) potential. The definition of these potentials can be found in our previous works [3, 15] .
The second method for evaluation of the QED effects is based on the model QED operator h QED formulated recently by Shabaev et al. [16] and implemented in the QEDMOD Fortran package [17] . To this end, we added the model QED operator to the DCB Hamiltonian by modifying the one-electron integrals I(a, b) of Eq. (4) in our CI code by
and where κ a denotes the relativistic angular quantum number of the state a. If either a or b is a continuum state (i.e., max(ε a , ε b ) > m), the matrix element of h QED is assumed to be zero. The QED correction to the energy level is then identified by taking the difference of the CI eigenvalues with and without the h QED operator. Our calculations show that QED corrections obtained by the different methods are in good agreement with each other. In the case of core-excited states, the difference between the results remains well within the 1% range. For the ground and valence-excited states, the deviation is slightly larger, on the level of 1-2%. This is explained by the relatively large effect of the mutual screening of the 1s electrons by each other, which is not very well described by approximate methods.
In the present work, we use the QED results obtained with the LDF potential as final values of the QED correction and estimate its uncertainty by the maximal difference between the three QED values.
III. RESULTS AND DISCUSSION
In Table I we present the calculated energy levels of the beryllium-like argon, Ar 14+ . The total energy is given for the ground 1s 2 2s 2 1 S state, whereas the relative energies (with respect to the ground state) are given for the excited states. Our results are compared with the NIST compilation based on experimental and theoretical data [18, 19] , with the relativistic many-body perturbation theory calculation by Safronova et al. [20] and with the multiconfigurational Dirac-Fock calculation of Cota et al. [21] , as well as with the experimental results [22] .
All our theoretical predictions are supplied with the uncertainties, which include the error estimates for the DiracCoulomb-Breit energy as well as for the QED correction. The former estimate is evaluated by analyzing the configurationinteraction results for successively enlarged basis sets. The QED error was obtained by comparing 3 different QED values from different approaches. The estimated accuracy of our theoretical energies of the core-excited states ranges from 10
to 10 −4 in relative units, or from 0.002 to 0.02 Rydbergs. For the valence-excited states, our results are in good agreement with previous calculations [20] , experimental data [22] , and with the NIST data base [18] . For the core-excited states, however, there are only 3 entries available in the NIST data base and apparently no experimental results. The only detailed theoretical study of these levels was performed in Ref. [21] by the multiconfigurational Dirac-Fock (MCDF) method. Our results are in general agreement with those of Ref. [21] , but the differences are well outside our error bars. The largest deviations of about 0.1 Ry are found for for the 5 P J states and for the highest core-excited levels. For the other states, the differences are smaller, typically within 0.05 Ry. It might be mentioned that our result for the
state is in excellent agreement with the preliminary result of the Paris experiment [5] [6] [7] .
In Table II we present our theoretical results for the wavelength of the Kα transition lines in beryllium-like argon.
IV. CONCLUSION
In summary, we performed relativistic configurationinteraction calculations of the energy levels of the ground, valence-excited and core-excited states in beryllium-like argon, Ar 14+ . The relativistic Dirac-Coulomb-Breit energies obtained by the configuration-interaction method were supplemented with the QED energy shifts calculated separately. The QED corrections were obtained by two different approximate methods, the screening-potential approach and the model QED operator method. From the comparison of the results of these two approaches we estimated the uncertainty of the overall QED shift. The uncertainty of the Dirac-CoulombBreit energies was evaluated by analysing the convergence of the CI results with respect to the number of partial waves and the size of the one-electron basis. The results obtained for the wavelengths of the Kα transitions improve previous theoretical predictions and compare favourably with the preliminary results of the ongoing experiment. 
